A highly sensitive and rapid assay for y-glutamyl hydrolase (EC 3.4.22.12) was developed. It utilizes synthetic p-aminobenzoylpolyglutamates (pABGlu n ; n = 2 -6) as substrates for rat serum enzyme, an efficient method of pABGlu n extraction from the reaction mixture and their thin-layer chromatographic separation followed by quantitation using fluorescamine. In the studies of substrate specificity, pABGlu2 was found to be more active than derivatives containing longer y-glutamyl chain (p < 0.001). From detailed studies with pABGlus enzymatic hydrolysis, we concluded that the rat serum enzyme acts as an endopeptidase.
Introduction
Folates exist in nature mainly as conjugates with Lglutamyl residues in y-peptide linkage. The conjugates, named pteroylpolyglutamates, are degraded hydrolytically by enzymes that possess peptidase-like activity and are referred to as "conjugases" or more accurately, y-glutamyl hydrolases (EC 3.4.22.12). Several procedures are available for the assay of y-glutamyl hydrolase activity. Differences among them include the natural or synthetic source of the pteroylpolyglutamate substrates and the methods of substrate and product identification and quantitation. Initially, the y-glutamyl hydrolase activity was estimated by microbiological assay (1 , 2) . Yeast extract, rich in pteroylpolyglutamates, was tested before and 1) Supported by Grant CPBP 04.01 from the Nencki Institute of Experimental Biology, Polish Academy of Sciences. 2) Author to whom correspondence should be addressed. Abbreviations used : pABGlu n , N-(4-aminobenzyol)-,),-oligo(Lglutamic acids); MOPS, morphoiinopropane sulfonic buffer; PCA, perchloric acid Enzymes: ,),-glutamyl hydrolases (EC 3.4.22.12)
C o pyrighl ( 1989 Walter de Gruyter . Berlin' New York after treatment with y-glutamyl hydrolase for its ability to support growth of folate-requiring bacteria. Some differentiation in product chain length was possible because L. casei grows readily on triglutamates or shorter length pteroylpolyglutamates, whereas S. faecalis utilizes only di-or monoglutamates. The time required for assay is long because of the need for bacterial growth. The fastest , simplest assay yet described is that of Krumdieck and Baugh (3) . It is based on the release of radioactive glutamic acid from labeled synthetic pteroylpolyglutamates. At the end of an incubation, the unreacted substrate is adsorbed on charcoal and the remaining radioactive glutamic acid is quantitated by liquid scintillation counting. However, endopeptidase action can release labeled yglutamates containing more than one glutamyl residues and these are also adsorbed on the charcoal resulting in underestimation of the product (4). The most sensitive assay for y-glutamyl hydrolase activity has been described by Priest et al. (5) . Substrates (limited, however, to H 4 -or CH 2 -pteroylpolyglutamates) and the products formed during their incu-bation with y-glutamyl hydrolase are at the end of reaction incorporated into ternary complexes with exogenous L. casei thymidylate synthase and tritiated fluorodeoxyuridylate. Complexes are electrophoresed under conditions in which separation depends solely on the charge of the polyglutamate in the complex. The radioactivity associated with each complex is determined by densitometry of a fluorogram of the electrophoretic pattern. Recently, Krungkrai et al. (6) have described an assay for y-glutamyl hydrolase employing HPLC with ultraviolet detection at 280 nm. The basic principle of the method involves the separation of pteroylpentaglutamate (PteGlus, the substrate) and pteroylmonoglutamate (PteGlu, the product) on a C18 IlBondapak reversed-phase column. All of the above mentioned methods are sensitive but of limited utility, as they are either rather expensive or time consuming.
y-Glutamyl hydrolases lack specificity with regard to the pteridine moiety of pteroylpolyglutamates; this portion of the molecule can be removed without loss of substrate activity. Thus, p-aminobenzoylpolyglutamates (pABGlu n ) are readily hydrolyzed by y-glutamyl hydrolases from chicken pancreas (7, 8) , various bacteria (9) and human liver (10) .
In the present investigation, we report on our method for the assay of y-glutamyl hydrolase using the rat serum enzyme and synthetic pABGlu n (11) as substrates. Products are separated by thin-layer chromatography and quantitated with tluorescamine (12).
Materials and Methods
Materials pABGlun (n = 2-6) were synthesized as described previously (11) . pABGlu was purchased from Sigma, tluorescamine and MOPS from Serva, DC-Alufolien 0.25 Kieselgel 60 plates were obtained from Merck. Acetone purchased from Polish Chemical Reagents was distilled from sodium sulfate and dried over molecular sieves. All other chemicals were obtained commercially and were of the highest purity available.
The source of the enzyme
Wistar male rats, weighing 200 -300 g, were allowed standard diet and water ad libitum. They were sacrificed by decapitation, and the collected blood, after being allowed to stand at room temperature until a clot was formed, was centrifuged 10 min at 2,000 to obtain serum. Freshly prepared or frozen (-70 D C) serum was used as a source of the enzyme. There was no loss of the enzyme activity during 4 months of storage. 
Enzyme assay
The standard reaction mixture (100 Ill) contained the following components: 33 III of 0.1 M sodium acetate buffer pH 4.5, 10 III of 0.1 M 2-mercaptoethanol, 5 III 1 x 1O-3 M pABGlu n and 52 III of diluted (1:15) rat serum. The reaction was started by addition of the serum. (To the control samples the serum was added after incubation.) The enzyme activity was linear for up to 90 minutes of incubation and up to 300 Ilg of serum protein. Every pABGlu n used in the assay at 50 11M concentration saturated the enzyme. After incubation in the dark for 1 h at 37°C, the reaction was terminated by cooling in an ice-bath, and protein was precipitated with 1 M alcoholic KOH. Samples were then analyzed by the following modification of our previously-described procedure (11) . Briefly, clear supernatants (10 III aliquots) were spotted on a thinlayer plate which was developed in a solvent system consisting of methanol-ammonia (25%)-acetic acid (15 : 2 : 1), dried at 100 DC for 5 min, and sprayed with 0.03% tluorescamine. The pABGlun-tluorescamine adducts were visualized under UV and eluted from the plate with 1 M KCl in 1 M phosphate buffer, pH 7.0. The intensity of fluorescence was measured using a Perkin-Elmer Fluorescence Spectrophotometer LS-5B (excitation, 400 nm; emission , 490 nm). Since some y-glutamyl hydrolases (6, 13) can act as exopeptidases (which would give several different pABGlu n as products of the enzymatic hydrolysis of pABGlu n having a long glutamyl chain), the enzyme activity was expressed as the amount of the substrate utilized during the enzymatic reaction. Protein concentration was determined by the method of Lowry et al. (14) .
Protein precipitation
Samples containing all components of the standard reaction mixture were treated according to one of the following protocols: 1) Boiling; to each sample, 100 III of 0.5 M potassium phosphate, pH 7.0, was added. Samples were placed in a boiling water-bath for 10 min, then cooled in an ice-bath, and denatured protein was removed by centrifugation (10 min, 10,000 xg).
2) Methanol; to each sample, 100 III of ice-cold methanol was added. Samples were shaken vigorously and after 30 min denaturated protein was removed by centrifugation as described above.
3) Perchloric acid; to each sample, 30 III of 36% perchloric acid (PCA) was added . After vigorous shaking, the samples were placed in an ice-bath for 5 min, and the denaturated protein was removed by centrifugation. The supernatants were neutralized by 120 min) and protein concentration in the enzymatic mixture (up to 900 Ilg) the only product of enzymatic hydrolysis was again pABGlu.
Discussion
The present investigation proposes a new assay for yglutamyl hydrolase activity. It utilizes synthetic pABGlu n as substrates for the enzyme, a superior method of protein precipitation, and a thin-layer chromatographic separation of pABGlu n followed by quantitation using fluorescamine. The enzyme assay is simple, fast, of high sensitivity, and does not require the use of labeled compounds. In addition, any naturally-occuring folates can be cleaved to pABGlu n derivatives (16) and detected using this method. Rat serum was chosen as the source of the enzyme, as it is easy to obtain and is one of the richest sources of y-glutamyl hydrolase (17) . There were no significant differences in the measured enzyme activities when substrates of differing y-glutamyl chain length were used over the range of 3 to 6 polyglutamates. Surprisingly, pABGlu2 appeared to be significantly better substrate than the longer-chain polyglutamates. In contrast, Silnik et al. (4) found that pteroyldiglutamate was very slowly hydrolyzed by bovine liver yglutamyl hydrolase when compared with longer pteroylpolyglutamates. It is probable that the functional roles of the cells in different organs might also demand the presence of different types of y-glutamyl hydrolase with varying specificities. The origin of the y-glutamyl hydrolase(s) in serum is not yet known . However, there is some suggestion that rat plasma y-glutamyl hydrolase is derived mainly from liver (17) . It is certainly possible that y-glutamyl hydrolases with varying species specificities may exist.
I n detailed kinetic studies of pABGlus hydrolysis, only pABGlu was detected as the end product. It seems likely, therefore that the rat serum enzyme, like the enzyme from bovine liver (4), is an endopeptidase: pABGlun --> pABGlu + GILl(n_1)'
